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APPLIED SCIENCES AND ENGINEERING

High-resolution fluorescence-guided transcranial
ultrasound mapping in the live mouse brain

Hector Estrada'?, Justine Robin?t, Ali Ozbek'?, Zhenyue Chen'?, Anne Marowsky’,
Quanyu Zhou'?, Daniel Beck', Beau le Roy’, Michael Arand’, Shy Shoham>*, Daniel Razansky

Understanding the physiological impact of transcranial ultrasound in rodent brains may offer an important
preclinical model for human scale magnetic resonance-guided focused ultrasound methods. However, precision
tools for high-resolution transcranial ultrasound targeting and real-time in vivo tracking of its effects at the mouse
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brain scale are currently lacking. We report a versatile bidirectional hybrid fluorescence-ultrasound (FLUS) system
incorporating a 0.35-mm precision spherical-phased array ultrasound emission with a fiberscope-based wide-
field fluorescence imaging. We show how the marriage between cortex-wide functional imaging and targeted
ultrasound delivery can be used to transcranially map previously undocumented localized fluorescence events
caused by reversible thermal processes and perform high-speed large-scale recording of neural activity induced
by focused ultrasound. FLUS thus naturally harnesses the extensive toolbox of fluorescent tags and ultrasound’s
localized bioeffects toward visualizing and causally perturbing a plethora of normal and pathophysiological

processes in the living murine brain.

INTRODUCTION
Transcranial ultrasound of both high and low intensities is increas-
ingly used to treat and study the brain with high spatial and temporal
specificity (1). Several methods have been developed in the context
of magnetic resonance-guided focused ultrasound (MRgFUS)
therapy to characterize the effects of high ultrasonic intensity in brain
tissue (2) and monitor the occurrence of thermal lesions (3). The ther-
apy’s success depends on delivering ultrasound power sufficient
for reaching the coagulation threshold while concurrent monitoring
is achieved with MR thermometry (1). Similar efforts have been made
to study the subtle effects of low intensity ultrasound, for example,
on brain function (4), on blood-brain barrier opening (5), and on a
variety of additional physiological mechanisms and targets (6).
Murine models play a central role across biomedical preclinical
and basic research and are likely to play a similar role in unraveling
the various effects of applying FUS of different regimes to the brain,
particularly, when considering the multiple confounds present during
in vitro experiments (7, 8). Multiple methods have been deployed,
e.g., to examine mouse brain responses to an ultrasonic stimulus
including electrode recordings (8), muscle electromyography (9),
laser speckle (10), optical intrinsic signal (11), and wide-field fluo-
rescence imaging (12, 13). However, these studies used unfocused
or weakly focused beams measuring multiple millimeters across,
which target very large cortical, subcortical, and peripheral sections
of the mouse central nervous system, thus not faithfully resembling
the human MR@FUS case (I, 14). Moreover, when the ultrasound
wavelength is not scaled down to generate a tightly focused spot
inside the mouse head, some undesired ultrasound field patterns may
further occur, such as standing waves in the mouse cranium (15).
The spatial specificity has been improved using higher ultrasound
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frequencies (16), but no concurrent functional readout was available
to monitor neural activities in the mouse brain.

Another major advantage of murine models is the availability of
a powerful toolbox of fluorescent indicators for monitoring brain
physiological processes in vivo, including indicators for observing
brain activity and a host of other (patho-)physiological processes
like glymphatic clearance, stroke, and immune cell trafficking, all
the way from the cellular scale to the entire mouse cortex (17-22).
This toolbox opens up intriguing possibilities for integrated multi-
modal studies to examine dynamic properties of tissue response to
FUS. However, the efficient combination between precise transcranial
FUS delivery and functional neuroimaging has so far been limited
to low-resolution regimes and/or limited field of view (FOV)
(12, 13). Here, we fill this gap by introducing a versatile bidirectional
hybrid fluorescence ultrasound (FLUS) system incorporating a
high-precision FUS delivery by means of a spherical phased array
with a fiberscope-based cortex-wide fluorescence imaging. To
achieve accurate (submillimeter) in situ targeting despite strong
skull-induced aberrations, we further introduce a fluorescence-based
analog of MRgFUS harnessing the dependence of fluorescent pro-
tein brightness on temperature (23). This resulted in rapid negative
fluorescence changes in the ultrasound focal zone in vivo, an effect
that can reliably be represented by a thermal model. We use the new
system to observe cortex-wide dynamics of spreading depolar-
ization waves in the mouse brain triggered by high-intensity FUS
exposures. FLUS may thus aid to exploit the full potential of murine
models in studies of the modulation of normal and pathological
brain physiology by targeted FUS, further providing an effective
tool for investigating safe stimulation regimes and undesired side
effects of the ultrasound delivery.

RESULTS

Characterization of transcranial FUS delivery

Simultaneous FUS and wide-field fluorescence imaging (Fig. 1A) is
accomplished by combining a wide-angle 512-element spherical ultra-
sound array with a fiberscopic insert (24) consisting of 100,000 single
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mode fibers for delivering the excitation light and collecting fluo-
rescence emission (see Materials and Methods). The ultrasound
focus can be flexibly steered across an effective range of 6 mm in all
three dimensions (25), while the entire mouse cortex (12-mm FOV)
can be simultaneously imaged in the fluorescence mode (Fig. 1B).
We first characterized how the transcranial FUS delivery is affected
by the mouse skull (Fig. 1C). For this, the ultrasound intensity in
the focal region was measured by a calibrated 75-um-diameter
hydrophone (Precision Acoustics, UK) with and without the presence
of an excised mouse skull sample. At 3 MHz, the skull insertion loss
reaches 6 dB, thus effectively reducing the free field pressure at the
focus by 50% when operating transcranially. The focal spot is shifted
by less than 100 um, and its size increases by 11% because of the
skull-induced distortions (Fig. 1D and E), effects that have pre-
viously been reported for human MRgFUS (14). In agreement with
previous results, the full width at half maximum of the focal region
remains below 400 um (Fig. 1E) (25), thus providing an unmatched
spatial specificity for studying the FUS effects in vivo.

Targeted transcranial FUS induces a focal

fluorescence response

Robust generation of focal fluorescence dips was observed in re-
sponse to continuous (150-ms duration) transcranial sonication of
cortical locations in GCaMP6f-expressing mice (Fig. 2A) under
ketamine-xylazine anesthesia. The dips were highly localized in time
(Fig. 2, B and F) and space (Fig. 2, D and E) around the ultrasound
focal points for an estimated transcranial pressure of 3 MPa. The
background resting state calcium oscillations due to the brain activity
under anesthesia (Fig. 2B) make the detection of single fluorescence
dips difficult. However, resting state cancelation (RSC) can improve
the signal-to-noise ratio (SNR) owing to the high degree of inter-
hemisphere correlation (Fig. 2C). The different locations were
targeted sequentially (Fig. 2F) using the precise three-dimensional
beam-forming capabilities of the spherical ultrasound array. The
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two spots do not manifest the same fluorescence dip intensity,
presumably due to the skull’s curvature and inhomogeneities. This
constitutes a well-known limitation of transcranial FUS delivery,
now made evident by simultaneous fluorescence imaging. We then
used green fluorescent protein (GFP)-expressing bacteria to vali-
date the appearance of focal fluorescence dip in controlled in vitro
environment and better understand the origin and characteristics
of this effect (fig. S1). GCaMP-family indicators are constructed
from circularly permuted GFPs, so this fairly simple experiment
was designed to test for induced responses outside the context of
neuronal calcium dynamics. We observed similar fluorescence dips,
which also displayed transient phenomena with similar relaxation
times (Fig. 2, G to H). This suggests a FUS-triggered thermal
process unrelated to calcium dynamics. GFP exhibits negative
dependence of fluorescence brightness on temperature, following
an approximately —0.9%/°C slope (23). The negative fluorescence
change AFys also increases with the ultrasound intensity (Fig. 2I).

FUS-induced fluorescence response is accurately

predicted by a thermal model

In vitro measurements in mouse brain slices expressing GCaMP6f
(Fig. 3A) unveiled a stronger temperature dependence of fluores-
cence with a slope of —1.9 = 0.7%/°C. In these experiments, the
temperature was controlled using a water bath while a thermocouple
monitored the brain slice’s temperature and the camera recorded
changes in fluorescence. We next set out to establish whether
the temporal shape of the fluorescence dips observed in vivo could
be ascribed to the underlying temperature transients induced by the
relatively high ultrasound pressure (3 MPa). To assess how ultra-
sound induces thermal effects, one may rely on the basic relation
(26) linking the temperature increase AT,y (°C) to the volumetric
rate of heat generation Q (W/cm®) and exposure duration At (s) via

ATmax = Q - At/Cy =2a - Itp - At/C, (1)
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Fig. 1. Experimental setup and characterization. (A) Schematic of the integrated wide-field fluorescence imaging and high-precision transcranial ultrasound system
FLUS. (B) Fluorescence image of a mouse brain expressing GCaMP6f through the intact scalp and skull. A crosshair indicates the position of the array’s focus and the 6-mm
circle the extent of the three-dimensional focus- steering range. The inset shows the extent of the field of view. (C) Skull insertion loss [mean, standard deviation (SD),
and range] as a function of frequency measured using a hydrophone. (D) Normalized ultrasound pressure measured transcranially at 3 MHz. (E) Focal spot size at 3 MHz
in free field (without the skull) and with the mouse skull in the ultrasound propagation path.
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Fig. 2. Wide-field recording of a mouse brain expressing GCaMP6f during
sequential FUS delivery. (A) Relative fluorescence change overlaid on the
baseline fluorescence image shown on a gray scale. The arrowhead indicates the point
of ultrasound delivery at the instant of minimum fluorescence. (B) Time trace of the
relative change in fluorescence at the center of the ultrasound delivery region
shown in (A). Details on the ultrasound delivery time shown on the inset. (C) RSC on
two single FUS sonication. Addition of moderate spatial filtering (2 pixels wide)
further improves the SNR. (D and E) Relative fluorescence change during ultra-
sound delivery at the targeted regions (red and green rings) averaged over
24 stimulation cycles. (F) Fluorescence time traces from (D) and (E) showing the
average response of a single pixel at the ring’s center. (G) Averaged relative fluores-
cence change observed in E. coli colonies at the instant of minimum fluorescence
overlaid on average fluorescence in gray scale. (H) Relative fluorescence change at
the position of the red circle from (G). The emission was repeated for five cycles
with a period of 2 s. (I) Relative fluorescence change as a function of the normalized
ultrasound intensity.

where o is the ultrasonic frequency-dependent absorption coeffi-
cient (Table 1), ITa denotes the time-averaged ultrasonic intensity,
and C, (J/°C) is the medium’s heat capacity per unit volume. As
intensity is proportional to the square of acoustic pressure, one may
derive the temperature increase in the brain for different peak
pressures and frequencies using the thermal diffusion model (27)
considering measured or known ultrasound tissue properties (27, 28).
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When linking the FUS-mediated temperature increase with the
temperature dependence of GCaMP fluorescence (Fig. 3A), a sharp
linear decrease of fluorescence intensity is expected, followed by a
slower recovery as the heat diffuses out from the ultrasonic focus
into the surrounding tissue. By averaging 24 sequential emission
cycles, a clearer account of the thermal process can be observed by
means of concurrent epifluorescence measurements (Fig. 2F). In
particular, a sharp linear fluorescence decay occurs during the
sonication followed by a slower recovery to baseline. Moreover,
expanding the averaged in vivo dataset to include 140 emission cy-
cles (seven mice and nine stimulation spots) and using RSC results in
a clear representation of the spatio-temporal footprint of the thermal
process (Fig. 3, B to D) closely resembling predictions made by the
bioheat model (29) for the given brain tissue parameters and acoustic
intensity at the focus. We calculate ATy, = 3.6°C (Eq. 1) for the
given emission parameters (3 MHz, 150 ms, 3 MPa, sequence 1;
Table 1), which can be translated to a relative —6.9% change in
fluorescence when considering the measured GCaMP6f temperature
dependence, thus closely resembling the experimentally observed
~7% fluorescence dip at the ultrasound focal spot (Fig. 3). Extending
the comparison to nearby regions (Fig. 3B), one can further observe
a good agreement between the thermal model and experimental data
both in space and time (Fig. 3E). The spot size of 287 um (Fig. 3D)
is smaller than the transcranially measured spot (Fig. 1, D and E)
because ultrasound heating is governed by the acoustic intensity,
which, in turn, depends on the pressure squared.

Functional consequences of precise FUS delivery

We next applied functional connectivity analysis to the cortex-wide
calcium imaging data (30) to explore whether FUS delivery induces
network level changes in the brain (Fig. 4). Seven regions on each
hemisphere (Fig. 4A), chosen from the Allen Mouse Brain Atlas
(31), were correlated against each other using a seed in datasets
acquired before (Fig. 4B) and after (Fig. 4C) 20 pulsed sonications
(3 MPa, 150-ms duration) to the left hemisphere of n = 3 mice
under 1.2% isoflurane anesthesia. It was determined that the
connectivity matrices after sonication closely resemble the baseline
measurements both qualitatively (Fig. 4, D and E) and statistically
(P > 0.05 across all comparison, paired ¢ test; fig. S5). This lack of
functional effect was further corroborated by negative histological
findings (Fig. 4G) in stainings for cell nuclei [4',6-diamidino-2-
phenylindole (DAPI)] and apoptosis [TUNEL (terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate nick
end labeling) and Fluoro-Jade C] and summarized in fig. S2.

In contrast, when delivering a more intense (3.9 MPa) yet shorter
(100 ms) sonications into # = 3 mice under 1.2% isoflurane anesthesia,
we identified negative functional connectivity changes of up to
2 o across a substantial part of the brain network affecting mostly
the primary somatosensory (SSp) cortex (Fig. 4H). Upon correc-
tion for multiple testing (green color scale), we found an inter-
hemispheric connectivity decrease between SSpbfd-R and MOp-L,
RSP-L (P < 0.05). Consistently, histological stainings revealed en-
hanced immunoglobulin G (IgG) immunolabeling around a pial
vessel at the focal site, suggesting compromised blood-brain barrier
(n = 4 mice; Fig. 41); (perivascular) microglia and astrocytic gliosis
provided further evidence for the blood-brain barrier disruption and
local inflammation triggered by the FUS stimulus (figs. S3 and S4).
These complementary pieces of evidence suggest that intense FUS-
triggered phenomena can induce plastic cellular- and network-level
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Fig. 3. Average fluorescence dip characterization with a thermal model. (A) Change in fluorescence as a function of the temperature in a brain slice expressing
GCaMP6f. An affine fit to four brain slices yields a fluorescence change of —1.9 + 0.7%/°C. (B) Average fluorescence dip (n =7, 140 stimulation cycles) at the instant of the
minimum fluorescence. (C) Time traces of the average dip compared with the thermal model from the bioheat equation labeled following the rings on (B). The gray region
depicts the instant of the FUS delivery, while a dashed vertical line indicates the time instant shown in (B). (D) Characterization of the spatial extent of the fluorescence
dip compared against the thermal model. Dark and light green experimental curves correspond to cross sections of the same colors in (B). (E) Inferred relative temperature
change for the model and the measured data. Gray region depicts the SEM, whereas the dashed line shows the identity map.

Table 1. Acoustic parameters for ultrasound emissions and CSD occurrence. The pressure was measured using a hydrophone through an excised mouse
skull. Thermal constants used to calculate the temperature increase and the ultrasound properties were adopted from (27). An ultrasound absorption of
16 Np/m was used for the mouse brain, within the upper bound of 21 Np/m extrapolated from the measured attenuation from a mouse brain slice using
acoustic microscopy. Some mice were sonicated with more than one sequence.

durai::::\e(ms) P::;;:;e Isppa (W/cm?) ATmax (°C) d:riTeersed I\lu:::'i’ceer of e probacbs;:?ty (%)
1 150 3 284 3.6 250 12 0 0
2 ....... 100-300 339 284-479 41-73 23 H 0 2 ....................... 8 7 ..............
s S e L . j o e

effects, prompting a further exploration of network-wide events
triggered by increasingly intense sonication pulses.

Mesoscopic fluorescence imaging reveals dynamics of
FUS-induced cortical spreading depression

A potential key advantage of our system is the ability to precisely
monitor both the focal physical tissue perturbations and dynamics
of their physiological impact at the whole-cortex level. When in-
creasing the stimulation time to 300 ms under isoflurane anesthesia,
we observed the initiation and propagation of a cortical spreading
depression (CSD) in the right hemisphere (Fig. 5, A to E). The wave
originates at the FUS delivery point (Fig. 5A) but remains unnoticed
until 16 s after stimulation. The dip induced by the next stimulus
occurring 30 s after the first one is visible in the time trace (Fig. 5E).
After 44.45 s, the wave reaches a maximum 165% fluorescence
increase from the baseline at the FUS delivery location (Fig. 5B),
although the global maximum of the signal increase exceeds 200%.

Estrada et al., Sci. Adv. 7, eabi5464 (2021) 8 December 2021

The CSD continues propagating across the right hemisphere (Fig. 5C),
further inducing negative fluorescence changes down to —40%
(Fig. 5D). CSDs were also triggered by higher pressures (see Fig. 5F
and Table 1). Stimulation sequence 2 only triggered two CSD events
over 23 sonications (10 mice), whereas sequence 3 resulted in a
robust CSD for each sonication (five CSD events in three mice). In
all the observed cases, the CSDs are confined to one hemisphere but
manifest slightly different propagation dynamics depending on
pressure (Fig. 5, G to I). Ex vivo histological analysis revealed high
c-FOS immunoreactivity across the entire cortex affected by the
CSD (fig. S6). The delay between the FUS emission and CSD’s onset
appears to be dependent on the pressure [or spatial peak pulse
averaged intensity (Ispps)] with shorter delays observed for higher
pressure levels (Fig. 5I). However, the propagation speed does not
follow the same trend. Considering the time required for fluorescence
to peak at locations 3 mm away from the FUS delivery point (Fig. 5]),
the highest pressure (4.9 MPa) resulted in the slowest wave propagation
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Fig. 4. Functional connectivity (FC) before and after FUS delivery. (A) Mouse brain schematic showing the regions included in the FC. Squares represent the seeds
(7 x 7 pixels) while the orange circle depicts the FUS delivery spot. Average Pearson’s correlation (n = 3) map calculated before (B) and after 20 sonications using sequence
1 (C). The cross (B) shows the seed position whereas the orange circle encloses the FUS delivery point. The Fisher z-transformed FC is shown in (D to F) for the baseline,
20 FUS emissions at 3 MPa (three mice) (E) and 1 emission at 3.9 MPa (three mice). (G) Coronal mouse brain slice at the point of FUS delivery stained with DAPI, TUNEL
assay, and Fluoro-Jade C. Sonications for a more conclusive histological analysis were performed on the right hemisphere (see Materials and Methods). (H) Difference
after FUS delivery in standard units (z score) and masked for multiple-testing corrected P < 0.1 from a paired t test. Dark-green squares show P < 0.05. (I) Histology analysis
on coronal slices after single sonication at 3.9 MPa stained with DAPI and c-Fos imaged with wide-field and confocal microscopy.

speed of 3.9 mm/min. The fastest speed of 6.1 mm/min was attained
for 3.9 MPa and the shortest emission time of 100 ms. The mea-
sured CSD propagation speeds are generally in agreement with
previous observations ranging from 1 to 8 mm/min (32), but faster
than the 2.5 mm/min reported for focal ischemia (19).

DISCUSSION

We report on the first implementation of bidirectional hybrid FLUS
system incorporating a high-frequency spherical-phased array for
high-precision sonication and a fiberscope-based system for wide-
field fluorescence imaging of the whole murine cortex. The system
was capable of observing, fully noninvasively, previously undocu-
mented effects of medium-intensity FUS delivery into the mouse

Estrada et al., Sci. Adv. 7, eabi5464 (2021) 8 December 2021

brain. Fluorescence imaging revealed well-defined dips, confined in
time and space to the FUS delivery points, arguably produced by a
local temperature increase, which is unrelated to neuronal activity.
This was further confirmed by observing the same dips also in
GFP-loaded bacteria (Fig. 2G). The decrease of fluorescence bright-
ness with temperature can be attributed to dynamic quenching (33).
This well-known effect is related to absorption of the excited state’s
energy of the fluorophore via collisions with surrounding mole-
cules, which does not lead to fluorescence emission. The dips were
accurately predicted by a thermal model taking into account the
GCaMPéf fluorescence brightness dependence on temperature.
The latter was assessed without applying ultrasound by directly
measuring temperature in a mouse brain slice (Fig. 3A). No signs of
brain damage were found for 3-MPa focal pressures (sequence 1).
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Fig. 5. Wide-field recording of a CSD triggered by focused noninvasive ultrasound delivery. (A to D) Relative fluorescence changes at different time points overlaid
on baseline fluorescence shown in gray scale. (E) Time traces of the relative change in fluorescence at the points labeled by rings in (A). Ultrasound delivery point indicated
by a crosshair. Light blue vertical lines at t =0, 30, and 60 s. Represents the onset of consecutive ultrasound emission. Solid black vertical lines indicate the instants of the
wide-field images shown in (A) to (D). (F) Mean probability of triggering a CSD as a function of the peak pressure and maximum temperature change. SD depicted by
whiskers and the Mann-Whitney test. **P <0.01, ***P<0.001, and ****P <0.0001. (G to I) Maximum intensity projection of the relative fluorescence change color-coded
for time to 10% of the peak values for stimulation sequences 2 (G), 2 (H), and 3 (1). (J) Normalized fluorescence change with the colors represented by labels indicating the
pulse duration and the Isppa. Lines above the main peak show the time delay 3 mm away from the stimulated spot (transparent curves).

Upon longer sonication (e.g., 300 ms), cortical spreading depolariza-
tion events were triggered and observed in real time with FLUS as
they propagated across the cortex.

The developed system, together with our findings on thermal
dependence of fluorescence may provide a convenient alternative to
MR imaging (MRI) thermometry for monitoring transcranial FUS
experiments in mice. Note that for our experimental paradigm, the
entire thermal process occurred within the time needed to acquire a
single MRI thermometry frame (2, 3). Future work should provide
a reliable and quantitative model for fluorescence temperature
dependence, accounting for the subjacent calcium dynamics.

Furthermore, one of the major challenges hindering the under-
standing of physical mechanisms underlying the action of low- and
medium-intensity ultrasound on the brain is the lack of direct visu-
alization of the large-scale brain activity and thermal effects concur-
rent with the sonication (4). Our results could fill this gap, with the
advantage that fluorescence imaging offers a large versatility of

Estrada et al., Sci. Adv. 7, eabi5464 (2021) 8 December 2021

neural activity indicators (17, 18), to study all aspects of brain
response.

Moreover, applying FLUS to the study of FUS effects on head-
restrained awake animals could provide valuable insights overcoming
the limitations of systems lacking precise focusing, three-dimensional
beam steering, and cortex-wide imaging capabilities. Data process-
ing tools for motion correction and single fluoro-thermal tag detec-
tion should be developed for experiments in awake animals.

The direct induction and observation of CSD opens new possi-
bilities to study FUS-induced brain activity and its role in multiple
neurological disorders, such as stroke and traumatic brain injury
(32). Note that the alternative CSD triggering techniques, such as
intracranial injection or topical application of KCI to the exposed
cortex (34), optogenetic excitation (35), electrical stimulation (36),
and embolic middle cerebral artery occlusion (19), all require inva-
sive and complicated surgical procedures completely avoided with
FLUS. This benefit would be particularly relevant to inducing and
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monitoring CSD and its effects throughout longitudinal studies
without the need for surgery or craniotomy. The negative fluores-
cence change observed after the CSD is deemed to agree with the
entrance of CSF to the perivascular space (19). FUS has previously
been demonstrated to trigger CSD because of temperature increase,
with a threshold temperature of 47°C (37). This might explain the
robust CSD triggering with sequence 3 for which the focal tempera-
ture reached ~46°C. On the other hand, delivering 3.9-MPa focal
pressures over 100 ms only increases the temperature by 4.1°C,
indicating that the respective CSD triggering mechanism is dom-
inated by radiation force inducing blood-brain barrier disruption,
as also confirmed by histology (Fig. 4I). The vascular disruption was
still detectable at the network level using functional connec-
tivity analysis (Fig. 4), although it was not responsible for triggering
the CSD, further underscoring the versatility of FLUS to monitor
FUS effects in vivo.

The present study was focused on relatively high ultrasound
pressures between 3 and 5 MPa, i.e., Isppa in the 280 to 730 W/cm?
range. In contrast to MRI, the time resolution of fluorescence imaging
is determined by the fluorescence lifetime in the nanosecond range
(38). Thus, FLUS opens the possibility for fast fluorescence imaging
of physical effects of short ultrasound pulses, used, e.g., to guide
light through scattering medium (39) or monitor shock wave therapy
(40), while monitoring their effect on the much slower neural
responses through calcium imaging. In addition, lower pressures
could also be investigated to study more subtle neuromodulatory
effects, so far not directly observed using wide-field fluorescence
(12, 13). In this scenario, the FLUS system would be particularly
useful not only for monitoring the neuronal responses but also for
assessing or mitigating any adverse effects, such as irreversible
changes of fluorescence due to temperature or CSD.

In summary, FLUS naturally harnesses the extensive toolbox
of fluorescent tags and FUS-localized biological effects toward visu-
alizing and causally perturbing a plethora of normal and pathophysi-
ological processes in the living murine brain. It further allows the
simultaneous observation and discernment between thermally and
ultrasonically induced tissue responses in the same experiment.
FLUS thus offers a valuable platform for observing ultrasound-
evoked cerebral response and testing the general safety of transcra-
nial FUS methods in small animal models.

MATERIALS AND METHODS

Integrated wide-field fluorescence imaging and ultrasound
delivery (FLUS) system

The FUS delivery subsystem consists of a wide-angle spherical
ultrasound array (Imasonic, France) featuring 512 transducer ele-
ments driven by a custom-designed multichannel electronics with
a maximum digital temporal resolution of 5.5 ns (Falkenstein
Mikrosysteme GmbH, Germany). The array was immersed in
deionized water and coupled to the sample using a thin plastic
membrane that is transparent to both light and ultrasound (Fig. 1A).
A personal computer (PC) controlled the FUS emission by means
of a graphical user interface implemented in MATLAB (2020,
MathWorks Inc., Natick, USA).

Fluorescence imaging was performed simultaneously with the
FUS emission through an 8-mm-diameter hole in the ultrasound
array (Fig. 1A). For this, a custom-made fiberscope was used com-
prising 100,000 individual single-mode fibers (Zibra Corporation,
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Westport, MA, USA). The fiberscope covers an effective 12-mm-
diameter circular FOV at 44-um lateral resolution (Fig. 1B). Its
input arm is coupled to the laser source, while the imaging arm is
connected to an electron-multiplying charge-coupled device camera
(iXon Life, Andor, UK) operated at 20 frames/s. A band-pass filter
(MF525-39, Thorlabs, Newton, NJ, USA) blocked the excitation
light (Sapphire LPX, continuous wave of 488 nm, Coherent Europe,
Utrecht, The Netherlands) at the camera input, thus enabling fluo-
rescence imaging. The PC controls the FUS emission while it also
collects the camera images via the Andor Solis software interface.

Image-guided positioning of the focal ultrasound spot

Because of the small size of the ultrasound focal spot, it is crucial to
accurately map its location in three dimensions. We therefore used
volumetric optoacoustic tomography (VOT) with the same spherical
array to adjust the relative position between the ultrasound array
and the sample. VOT imaging was performed with a separate digital
sampling interface, as previously described (25). Since no concur-
rent FUS transmission and VOT recordings were possible, mapping
of the ultrasound array and the sample position was performed
before each FUS delivery experiment. The excitation light delivery
for VOT imaging is accomplished by guiding pulses (~10 ns, 10 m]J
at 488 nm) from an optical parametric oscillator laser (SpitLight;
InnoLas Laser GmbH, Krailling, Germany) through a separate
illumination bundle integrated into the fiberscopic arm (24).

In vivo mouse experiments
All procedures involving mice conformed to the national guidelines
of the Swiss Federal Act on animal protection and were approved by
the Cantonal Veterinary Office Zurich (ZH161/18). Animals were
housed in individually ventilated cages inside a temperature-controlled
room, under a 12-hour dark/12-hour light cycle. Pelleted food
(3437PXL15 and CARGILL) and water were provided ad-libitum.
Twenty one GCaMP6f mice [C57BL/6]-Tg(Thyl-GCaMP6f)
GP5.17Dkim/], the Jackson Laboratory, USA] were used for this
study (13 female and 8 male). The mouse head was immobilized
using a custom stereotactic frame (Narishige International Limited,
London, UK). Blood oxygen saturation, heart rate, and mouse body
temperature were continuously monitored (PhysioSuite, Kent
Scientific, Torrington, CT, USA), and the body temperature was
kept within physiological range with a heating pad. The hair on the
mouse head was first trimmed and then removed using shaving
cream to ensure optimal ultrasound coupling. Seven mice were
imaged after scalp removal because of skin pigmentation. The mice
were subcutaneously injected with buprenorphine (0.1 mg/kg)
30 min before scalp removal. A 40% dilution of phosphate-buffered
saline in ultrasound gel (Aquasonic Clear, Parker Laboratories Inc.,
Fairfield, NJ, USA) was deposited on mouse’s scalp and brought into
contact with the transparent membrane of the water tank to ensure
unobstructed delivery of light and ultrasound into the mouse brain.
Two mice (6.5 weeks old) were anesthetized using ketamine-xylazine
cocktail (100 and 5 mg/kg, respectively) and sonicated through an
intact scalp and skull with 150-ms duration pulses at 3 MHz delivered
sequentially every 11 s onto two different locations in the mouse
cortex separated by 1 mm. Epifluorescence calcium recordings were
corrected with a moving baseline (0 to 0.05 Hz) to remove signal
drifts because of laser energy fluctuations and photobleaching. To
reduce the spatial noise, a Gaussian filter with a SD of 0.5 pixels
(~20 pm) was applied to the image stack.
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Other 19 mice (6 to 8 weeks old) were sonicated using the
sequences shown in Table 1 under isoflurane anesthesia [3% (v/v)
for induction and 1.2% (v/v) for maintenance]. For CSD imaging,
the acquired image stacks were band-pass-filtered between 0 and
8 Hz and a Gaussian spatial filter with a SD of 1 pixel (~40 um) was
used to reduce noise. Last, the skull of a 9-week-old male mouse was
used to measure its insertion loss and ultrasound-focusing proper-
ties upon transcranial transmission.

RSC for single FUS emissions

To increase the SNR of fluorescence responses to single FUS
emissions, we take advantage of the high interhemisphere correla-
tion that is present in the wide-field calcium recordings. For this, a
simple subtraction of the mirror image on the hemisphere opposite
to the FUS delivery efficiently cancels the resting state oscillations,
thus increasing SNR by 5 dB on average (Fig. 2C). Using a spatial
Gaussian filter of 2 pixels (80 pm) further increased the SNR by up
to 12 dB on average. When applied to averaged traces from multiple
sonications, the SNR improvement is reduced to 2.5 dB, making the
RSC method suitable for improving sensitivity for detecting responses
to single sonications.

In vitro characterization of FUS emission on GFP-expressing
Escherichia coli colonies

Escherichia coli DG1 were transformed with pNCS_GFP_his6, a
construct based on the bacterial expression vector pNCS that
triggers constitutive expression of the transgene when bacterial
cells reach high density (41). The GFP derivative used was the cycle
3 mutant published by Stemmer and colleagues (42). Chemical trans-
formation was carried out according to the protocol of Okayama
and colleagues (43).

Bacteria were expanded for 1 hour in shaken liquid culture at
37°C in the absence of selection antibiotic before streaking 100 ul
onto 10-cm Agar LB plates containing ampicillin (100 pg/ml).
Fluorescence measurements were performed following overnight
growth at 36°C and were kept in agar at room temperature (23°C)
during the experiments.

The recorded image stack is first low-pass—filtered in frequency
domain from 0 to 8 Hz and referenced to a moving baseline (0 to
0.1 Hz) to correct for laser fluctuations and bleaching of the GFP
protein. Two-dimensional Gaussian blurring with a SD of 1.5 pixels
(~60 um) is applied to every frame to reduce spatial noise.

FUS at 3 MHz frequency was delivered for 150 ms to reproduce
the conditions of the in vivo experiments. The emission was repeated
for five cycles with a period of 2 s.

In vitro characterization of fluorescence

dependence on temperature

A male GCaMP6f mouse (9 weeks old) was euthanized by ketamin/
xylazine overdose, and coronal brain slices (1 mm thick) were
extracted and placed in artificial cerebrospinal fluid on top of a
heating plate and inside a water bath. The heating plate was linked
to a thermometer to operate in a retro-control loop. Fluorescence
was monitored at the lowest laser power level possible to mitigate
photobleaching. Temperature was monitored using a thermocouple
tip (IT-23, Physitemp Instruments, Clifton, NJ, USA) placed as close
as possible to the brain slice and acquired using an NI 9213 USB
interface (National Instruments, Austin, TX, USA). The brain slice
is first heated with the plate for 5 min and then cooled down with
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ice in the water bath for another 5 min. For each acquisition, all
images were registered to the first frame to compensate for poten-
tial motion artifacts. A mean fluorescent value was extracted for
each time point and manually aligned in time with the temperature
curve measured with thermocouple. Localized outliers in the
fluorescence curves were also excluded whenever clearly correspond-
ing to an ice pouring event.

Thermal modeling
The thermal response was calculated using the bioheat model (29)
described by the Pennes equation (44), i.e.

pC%:KV2T+q+wprb(T— T, 2)

where T is the temperature, p = 1027 (kg/m’) is the mass density,
C=3640(J kg_1°C_1) is specific heat capacity, and k = 0.51 (W mtec™
is thermal conductivity (27). q (W/m?) corresponds to the rate of
heat production, w (s™1) is the blood perfusion rate, py, (kg/m3) is the
blood density, G, (J kg’1 °C™! is the blood specific heat, and T, is
the ambient blood temperature. Owing to the fast thermal dynamics
induced by the FUS delivery, the third term on the right-hand side
of Eq. 2 did not affect the simulation outcome. We first simulated
the ultrasound focus using a linear model (25). The ultrasound
intensity was then calculated and used in conjunction with an average
ultrasound attenuation of 16 Np/m to calculate g. The equation was
solved using axially symmetric boundary conditions. Because of the
scalability of the obtained solution, no insight could be gained by
altering the ultrasound intensity or the absorption.

Functional connectivity analysis

The wide-field fluorescence data of six mice (scalp removed) were
rotated, cropped, and coregistered to a mouse brain atlas. After
calculating the relative change in fluorescence, the data were
band-pass—filtered in frequency domain (0.1 to 1 Hz) following
(30) and the first and last 50 frames cropped to eliminate filtering
artifacts. A total of seven brain areas for each hemisphere were
chosen to perform the analysis. The average of a square of 7 x 7 pixels
was used as seed to calculate the Pearson correlation coefficient to
every pixel inside the brain. To generate the connectivity matrix, the
correlation coefficient was averaged inside 13 other brain areas for
each seed. To perform a paired ¢ test with the calcium data acquired
before and after the sonication, we first z-transformed the correla-
tion to standardize its distribution. Then, the P value was used to
mask the difference between the averaged connectivity matrices
(after sonication minus before sonication). To control for false dis-
covery rate in multiple testing (Fig. 4H), the P value was corrected
using a method described elsewhere (45).

Histological analysis
Brains were rapidly extracted after decapitation of the animals
under 5% isoflurane anesthesia and put into 4% paraformaldehyde
in 0.15 M phosphate buffer for 24 hours at 4°C. Brains were cryo-
protected in 30% sucrose in phosphate-buffered saline for 72 hours and
then cut at a microtome into 20- to 30-um-thick coronal sections.
Sections from mice sonicated with sequence 1 (see Table 1) and
euthanized 24 hours after sonication were mounted onto glass slides,
dried at 55°C for 5 min, and then subjected to TUNEL assay to detect
DNA breaks formed during the final phase of apoptosis. A commercially
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available TUNEL assay kit was used (Promega, no. G3250), following
the instructions from the kit. Deoxyribonuclease (DNAse)-treated
slices (ribonuclease-free DNAse; QIAGEN, no. 79254) from untreated
animals were used as positive control (fig. S2). Slices were cover-
slipped using FluroShield with DAPI (Sigma-Aldrich, F6057). Other
sections from mice sonicated with sequence 1 were subjected to
Fluoro-Jade C (Fluoro-Jade C, Biosensis) staining to detect apop-
totic neurons, following the protocol described in (46). Mice
sonicated with other sequences were euthanized immediately after
the end of the experiment.

To increase the likelihood of finding the sonicated brain region
in the absence of a clear lesion with sequence 1, ultrasound was
delivered in nine sonication spots separated by 500 um following a
sagittal line parallel to the midline 1 mm into the right hemisphere
(Fig. 4G) in three mice.

For c-Fos (c-Fos antibody, rabbit Santa Cruz Biotechnology, Sc 7202
AB_2106765; diluted 1:500), CD68 (CD68 antibody, rat monoclonal,
ADbD Serotec MCA1057; diluted 1:1000), and the podocalyxin/glial
fibrillary acidic protein (GFAP) immunohistochemistry staining
(podocalyxin antibody, goat, R&D Systems, AF1556; diluted 1:500;
and GFAP antibody, rabbit, DAKO, Z0334; diluted 1:1000), sections
were incubated overnight at 4°C with the first antibodies in tris-
NaCl buffer containing 4% normal donkey serum and 2% Triton X-100.
After intensive rinsing, they were incubated with secondary antibodies
conjugated to Cy3, Cy5, or Alexa 488 (Jackson ImmunoResearch;
all 1:500) in tris buffer containing 4% normal donkey serum for
45 min at room temperature. Sections were washed in tris-NaCl,
mounted, and coverslipped using FluroShield with DAPI (Sigma-
Aldrich F6057).

High-magnification images of immunofluorescence staining
were acquired by laser scanning confocal microscopy (Zeiss LSM
700). Stacks of 4 to 11 confocal layers (512 x 512 pixels) spaced by
1 um were recorded using a 25x lens with the pinhole set to 1.0 Airy
units. Larger images were recorded on the Zeiss Apotome 1 using a
nonimmersing 20x objective and the software blue Zen (Zeiss)
for tiling.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi5464

View/request a protocol for this paper from Bio-protocol.
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